ABSTRACT Three experiments were conducted to determine the nutritional value of wheat gluten ( W G ) for weanling pigs. In Exp. 1, 72 pigs (4.2 kg average BW) were used in a N metabolism experiment. Treatments were 1 ) casein-corn-based control; 2, 3, 4, 5, and 6 ) Diet 1 with flash-dried WG, spray-dried WG, two enzyme-modified (to increase solubility) WG, and soybean meal (SBM) used to replace casein, respectively. The diet with casein had the greatest apparent N digestibility and apparent biological value ( P < .002), and diets with WG had greater apparent N digestibility than the diet with SBM ( P < . O l ) . In Exp. 2, 180 pigs (5.6 kg average BW) were used. Treatments for d 0 to 14 were 1 ) dried skim milk (DSM)-dried whey-SBM-based control; 2, 3, 4 and 5 ) Diet 1 with the DSM replaced by lactose and flash-dried, spray-dried, and enzyme-modified WG (ModWG), and soybean protein isolate (SPI), respectively. All pigs were fed a common diet from d 14 to 35. For d 0 to 14, pigs fed diets with WG had greater gaidfeed than those fed SPI ( P < .Ol), and for d 14 to 35, pigs fed spray-dried WG and ModWG had greater ADG ( P < .04) than pigs fed flash-dried WG. In Exp. 3, 180 pigs (5.7 kg average B W) were used. Treatments for d 0 to 14 were 1 ) DSM-dried whey-SBM-based control; 2 ) spray-dried WG and lactose replacing DSM; and 3 ) spray-dried WG replacing SBM. Pigs fed WG from d 0 to 14 had greater overall ( d 0 to 37) ADG ( P < .06) and gaidfeed ( P < .007) than pigs fed the DSM-SBM control. In conclusion, using WG to replace DSM gave equal performance to d 14 and greater performance for the entire nursery period.
Introduction
Early-weaned pigs have unique nutritional needs that include high-quality sources of nutrients such as human-grade milk products. However, demand for milk products as human food often makes their use in diets for pigs cost-prohibitive. Thus, identification of less-expensive protein sources that are readily utilized by weanling pigs would be of benefit.
Wheat gluten ( WG) is used primarily in the baking industry to enhance the vitality and nutritional value of poor-quality wheat flours and in meat and cheese analogs, snacks, and pet foods (Magnuson, 1985) . Batterham et al. (1979) used 20-kg pigs and Leibholz
SolWG with a second enzyme modification to further enhance solubility ( ModWG), and 6) soybean meal ( SBM). The protein sources were analyzed for CP concentrations before diet formulation and added to the diets (at the expense of cornstarch) to supply the same amount of CP (Table 1 ). All diets were formulated to 22% CP and contained 1.5% lysine, 20% lactose, 32.76% corn, and 5% select menhaden fish meal. The diets were fed in meal form and were formulated t o meet or exceed the nutrient concentrations recommended by NRC (1988) for the 1-to 5-kg pig. Water was consumed ad libitum, and the daily feed allowance was .05 x initial BW.9, as proposed by Armstrong and Mitchell (1955) . The daily feed allotment was offered as four meals at 6-h intervals. The pigs were housed individually in stainless steel metabolism cages for a 5-d adjustment period and 4 d of total collection of feces and urine. The cages were 46 cm x 46 cm with wire-mesh flooring. Room temperature was maintained at 28°C. Feces, urine, and orts were collected every 12 h. The feces were collected and frozen, and at the end of the experiment, all feces were lyophilized and pooled. Urine samples were acidified with 50 mL of a 10% HC1 solution, and subsamples (10% of daily volume) were frozen and pooled at the end of the experiment. The diets and feces were analyzed for DM and N concentrations and urine samples were analyzed for N concentrations (AOAC, ET AL.
1990
). Apparent N digestibility was determined for all 12 pigs per treatment, but urine was collected from only the last eight pigs per treatment. Thus, apparent biological value ( BV) and apparent N retention were determined for eight pigs per treatment and calculated as percentage of N absorbed and percentage of N consumed, respectively. The experiment was a randomized complete block with initial BW as the blocking criterion. Pig was the experimental unit. Response criteria were apparent N digestibility, apparent BV, and apparent N retention. Data were analyzed using the GLM procedure of SAS (1985) . Treatment means were separated using orthogonal contrasts (Peterson, 1985 supplied by DSM in the control diet, with lactose added so that all diets had 25% lactose ( (AOAC, 1990) . Chromium concentration was determined using the procedure of Williams et al. (1962) . Apparent DM and N digestibilities were determined using the indirect ratio procedure with Cr2O3 as the marker.
The experiment was a randomized complete block with initial BW as the blocking criterion. Pen was the experimental unit. Response criteria were ADG, PROTEINS FOR BABY PIGS 153 ADFI, gaidfeed, and apparent digestibilities of DM and N. Data were analyzed using the GLM procedure of SAS (1985) . Treatment means were separated using orthogonal contrasts (Peterson, 1985 (Table 3) were formulated to 25% lactose, 22% CP, and 1.4% lysine. At d 14, pens were changed to Phase 2 treatments that were 1) corn-SBM-dried whey-based diet and 2 ) corn-SBM-based diet with spray-dried WG and lactose replacing the dried whey on a protein basis. Both diets had 15% lactose, 20% CP, and 1.2% lysine, and all diets were formulated t o be in excess of the nutrient concentrations recommended by NRC ( 1988). Housing, environmental conditions, and diet processing were the same as in Exp. 2.
Fecal samples were collected from four pigs per pen on d 14 and 21 and analyzed for DM, N, and Cr concentrations as in Exp. 2. Blood samples were collected from four pigs per pen on d 13 and 20. Feeders were removed 3 h before blood collection. Sera were separated and analyzed individually for urea concentration with an autoanalyzer (Alpkem, Clackamas, OR) according t o procedure described by Marsh et al. (1965) . A pen mean was calculated and used for statistical analyses.
Data were analyzed using the GLM procedure of SAS (1985) . The experiment was a randomized complete block with initial BW as the blocking term. Response criteria were ADG, ADFI, gaidfeed, apparent digestibilities of DM and N, and concentrations of serum urea N. For Phase 1, data were analyzed with orthogonal contrasts used to separate treatment means. Contrasts were 1) DSM-SBM vs WG-SBM and DSM-WG, and 2 ) WG-SBM vs DSM-WG. For Phase 2 and overall analyses, data were analyzed as a 3 x 2 factorial, with orthogonal contrasts used to separate Phase 1 effects of DSM-SBM vs WG-SBM and DSM-WG, and WG-SBM vs DSM-WG, Phase 2 effects of whey vs WG, and interactions among Phase 1 and Phase 2 effects. Block and treatment were independent variables with the block x treatment interaction used as the error term for all analyses.
Results and Discussion
Crude protein concentrations of the protein sources used in Exp. 1, 2, and 3 ranged from 13.3% for whey to 91.4% for casein (Table 4) . Crude protein concentrations of the WG ranged from 70.4% for flash-dried WG to 78.1% for SolWG. Of greater importance than CP when formulating diets for nonruminants are the differences in lysine concentrations of the protein sources. When expressed as a percentage of CP, casein and SBM had 6.1 and 6.3% lysine, respectively. The WG had concentrations of 1.7 to 2.3% lysine as a percentage of CP. The importance of this observation was evident in the experiments reported by Jansen (19621, IWGA (19811, and Vachon et al. (1987) , in which rat protein efficiency ratios ( PER) were .3 to .8 for unsupplemented WG vs 2.2 to 2.4 for WG properly supplemented with crystalline amino acids. Experiment 1. There were no differences in N intake ( P > .14) among pigs fed the experimental diets ( Table 5 ) . Pigs fed the diet with casein had lower daily excretion of N in feces ( P < .003) and urine ( P < .001), with greater apparent N digestibility ( P < .002), apparent BV ( P < .001), and apparent N retention ( P < .OOl) than pigs fed the other treatments. Pigs fed the WG had lower daily excretion of N in feces ( P < .03), with greater apparent N digestibility than pigs fed SBM ( P < .01). However, daily excretion of N in urine was greater for pigs fed WG ( P < .03), and pigs fed diets with WG were not different from those fed SBM for apparent BV or apparent N Eggum et al. (1985) , who reported the same ranking and similar values for the N digestibility of casein, WG, and SBM in rats. Vachon et al. (1987) reported that N digestibilities of casein and WG were not different in weanling rats, and both protein sources were superior to SBM.
The enzyme modifications used to increase solubility of WG decreased apparent BV ( P < .02) and tended to decrease apparent N retention ( P < .11) compared with flash and spray drying. These responses were unexpected because N intakes were similar among pigs fed the WG-based diets, concentrations of essential amino acids were similar among the diets with WG, and overall N digestibility was good for diets with the modified WG. However, decreased rate or extent of digestion for an essential amino acid cannot be eliminated as a cause for the decreased BV. Batterham and O'Neill (1978) reported that rapid absorption of crystalline lysine, relative to the slower, more continuous release of other amino acids from feedstuffs, reduced its utilization in pigs fed once daily. In the present experiment, the pigs were fed four times per day, but it is possible that the enzyme modification disrupted the wheat proteins, exposing a limiting amino acid t o increased rate of digestion, absorption, and premature degradation, thus tending to increase N excretion in the urine and to reduce apparent BV. Pettigrew et al. ( 19 7 7) reported reduced ADG and gaidfeed for pigs fed DSM that was treated with an enzyme (trypsin) compared with pigs fed untreated DSM. However, Clegg et al. (1974) reported increased BW gain and PER in rats fed an enzyme-hydrolyzed casein compared to untreated casein.
Experiment 2. For d 0 to 14 (Phase l), there were no differences among dietary treatments ( P > .15) in ADG or ADFI (Table 6 ) . Pigs fed WG had greater gaidfeed than pigs fed diets with SPI ( P < . O l ) , and diets with spray-dried WG supported greater gaidfeed than did diets with ModWG ( P < .001). Pigs fed DSM tended to have greater DM digestibility at d 13 than those given other treatments ( P < .07); however, there were no differences in apparent N digestibility among treatments ( P > .15).
From d 14 to 35 (Phase 2), all pigs were fed a common corn-SBM-dried whey-based diet. Average daily gain and gaidfeed were lower ( P < .03) for pigs ET AL. previously fed DSM (i.e., during d 0 to 14 of the experiment) than for those fed other protein sources, indicating a carry-over effect of diets given immediately postweaning. Similar results were reported by Jones et al. (1990) ; ADG and ADFI were improved for the overall nursery phase when soy products were used to replace the protein from DSM in diets fed for the first 14 d after weaning. Friesen et al. (1992) reported that pigs fed a corn-milk products-based diet that was changed at d 14 to include SBM had reduced ADG, ADFI, and gaidfeed. This response was attributed to antinutritional factors in SBM and a transient hypersensitivity reaction induced when pigs were finally exposed to soy proteins. However, in our experiment, all Phase 1 diets had 20.2% SBM; therefore, differences in Phase 2 performance could not be attributed to different levels of exposure to SBM in Phase 1. Thus, replacing the protein from DSM in Phase 1 diets with specially processed wheat proteins may have stimulated development of digestive function, thereby preparing the young pigs for the change to a simple corn-SBM-dried whey-based Phase 2 diet.
Pigs fed spray-dried WG and ModWG had greater ADG ( P < .04) and ADFI ( P < .01) than pigs fed flash-dried WG. Spray-dried WG tended to support increased ADG ( P < .07) and ADFI ( P < .11) compared with ModWG. Kats et al. (1992) reported increased ADG, ADFI, and gaidfeed for pigs fed spray-dried blood meal vs those fed flash-dried blood meal and argued that flash-drying is more likely to result in heat-damaged proteins. Hancock et al. (1990a,b) reported decreased growth performance, nutrient digestibility, and villus development in the small intestine of pigs fed heat-damaged soybean proteins. Also, Kunachowicz et al. (1974) reported increased net protein utilization by rats fed spraydried whey protein concentrate compared with those fed flash-dried whey protein concentrate.
Overall ( d 0 to 351, there were no differences ( P > .15) in growth performance among pigs fed DSM vs all other treatments. However, there were differences among pigs fed the various WG. Spray-dried WG and ModWG supported greater ADG ( P < .OS) and ADFI ( P < .02) than flash-dried WG. Indeed, pigs fed spraydried WG had numerically the greatest ADG, with an 18% advantage compared with pigs fed the DSM control diet. This difference was likely related to the 17% greater ADFI for pigs fed the diet with spraydried WG vs DSM. Batterham et al. (1979) reported that 20-kg pigs fed a wheat-WG-based diet supplemented with methionine, threonine, and lysine had 7% greater ADG and gaidfeed than pigs fed a basal diet with DSM as the major protein source. Bassat and Mokady (1985) conducted a 21-d growth assay with rats and found that a diet with 10% WG (supplemented with lysine and threonine) supported 17% greater BW gain and 10% greater food intake than a diet with casein.
Experiment 3. Phase 1 ( d 0 to 14) treatments were designed to determine the effects of using WG to formulate diets without DSM (WG-SBM) and diets without SBM (DSM-WG) for the early-weaned pig. During d 0 to 7, performance of pigs fed WG-SBM and DSM-WG was not different ( P > .15) from that of pigs fed DSM-SBM (Table 7) . Pigs fed the DSM-WG diet (without SBM) had greater ADG ( P < .01) and gain/ feed ( P < . O O l ) than pigs fed WG-SBM.
For d 0 to 14, growth performance was not different for pigs fed WG-SBM and DSM-WG vs the DSM-SBM control diet ( P > .15). Pigs fed WG-SBM had greater ADFI ( P < .006) but lower gaidfeed ( P < .001) than pigs fed DSM-WG. At d 14, the WG-SBM and DSM-WG diets had greater apparent digestibilities of DM and N than the DSM-SBM diet ( P < .001). However, this response primarily was because of the markedly greater apparent digestibilities of DM and N for DSM-WG (i.e., the diet without SBM) vs WG-SBM ( P < .001). Pigs fed DSM-SBM had lower serum urea N concentrations ( P < .001) than pigs fed WG-SBM and DSM-WG, and pigs fed WG-SBM had lower serum urea N concentrations ( P < .04) than those fed DSM-WG. Thus, serum urea N was not a good indicator of nutritional value of the diets because pigs fed the diet supporting the greatest rates and efficiencies of gain, with the lowest food intakes and greatest nutrient digestibilities (i.e., DSM-WG), had the greatest serum urea N concentrations. This response is contrary to much published data correlating greater protein quality of a diet with lower serum urea N concentrations.
Growth performance and nutrient digestibility were also measured for the first 7 d ( d 14 to 2 1) of Phase 2 to determine response of the pigs to a diet change ( Phase 1 had greater ADG ( P e .06) and gaidfeed ( P < .007) than pigs fed DSM-SBM. Pigs fed WG-SBM in Phase 1 had greater ADG ( P < .002), ADFI ( P e .009), and gaidfeed ( P e . O O l ) in Phase 2 and greater ADG ( P < .007) and ADFI ( P e .003) overall than those fed DSM-WG. Indeed, the diet with WG-SBM resulted in 18 and 11% greater ADG and ADFI in Phase 2 and 13 and 9% greater ADG and ADFI overall than the DSM-SBM control, which is in agreement with responses observed in Exp. 2.
Implications
When results from nitrogen metabolism and growth assays were considered, spray-dried wheat gluten gave consistently good results compared with flash-dried and enzyme-modified products. Also, our data indicated improved growth performance during Phase 1 when spray-dried wheat gluten was used to formulate diets without soybean meal and greater growth performance during the overall nursery phase when spray-dried wheat gluten plus lactose was used t o replace dried skim milk in Phase 1 diets. Thus, it seems that spray-dried wheat gluten is an acceptable protein source for early-weaned pigs and can be used to replace protein from dried skim milk to improve overall growth performance and to reduce diet costs.
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